Indole-3-acetic acid (IAA) is the principle auxin in Arabidopsis and is synthesized primarily in meristems and nodes. Auxin is transported to distal parts of the plant in response to developmental programming or environmental stimuli to activate cell-specific responses. As with any signalling event, the signal must be attenuated to allow the system to reset. Local auxin accumulations are thus reduced by conjugation or catabolism when downstream responses have reached their optima. In most cell types, localized auxin accumulation increases both reactive oxygen species (ROS) and an irreversible catabolic product 2-oxindole-3-acid acid (oxIAA). oxIAA is inactive and does not induce expression of the auxin-responsive reporters DR5 or 2XD0. Here it is shown that oxIAA is not transported from cell to cell, although it appears to be a substrate for the ATP-binding cassette subfamily G (ABCG) transporters that are positioned primarily on the outer lateral surface of the root epidermis. However, oxIAA and oxIAA-Glc levels are higher in ABCB mutants that accumulate auxin due to defective cellular export. Auxin-induced ROS production appears to be at least partially mediated by the NAD(P)H oxidase RbohD. oxIAA levels are higher in mutants that lack ROS-scavenging flavonoids (tt4) and are lower in mutants that accumulate excess flavonols (tt3). These data suggest a model where IAA signalling is attenuated by IAA catabolism to oxIAA. Flavonoids appear to buffer ROS accumulations that occur with localized increases in IAA. This buffering of IAA oxidation would explain some growth responses observed in flavonoid-deficient mutants that cannot be explained by their established role in partially inhibiting auxin transport.
Introduction
The phytohormone auxin plays an essential role in plant embryogenesis, vascular differentiation, organogenesis, and tropic growth. Auxin also functions coordinately with environmental inputs to regulate root and shoot architecture. Organ-and tissue-specific auxin concentrations and gradients are highly regulated at the cellular level to control plant growth (Vanneste and Friml, 2009; Peer et al., 2011) . The most widely studied naturally occurring active auxin is indole-3-acetic acid (IAA). IAA can be synthesized by multiple pathways and is predominantly synthesized in young, developing tissues (Ljung et al., 2002) . This auxin is then transported to sites of action in the shoot and root by a combination of source-sink movement in the phloem, lipophilic and proton-driven symport uptake, and efflux mediated by carrier proteins and transporters (reviewed in Zažímalová et al., 2010) . Cellular IAA concentrations are regulated by biosynthesis, intra-and intercellular transport, conjugation, and catabolism (Normanly, 2010) . Cells can perceive auxin signals when auxin mediates interactions between the AUX/IAA and TIR1/AFB auxin co-receptor components. Association of these components results in SCF TIR1/AFB -mediated ubiquitination and subsequent proteolytic destruction of the AUX/IAA proteins (Dharmasiri et al., 2005; Kepinski and Leyser, 2005; Quint and Gray, 2006; Parry et al., 2009) . In the absence of auxin, AUX/IAA proteins heterodimerize with auxin response factors (ARFs) to repress transcription.
Degradation of AUX/IAA proteins allows ARFs to homodimerize and enhances transcription of auxin-responsive genes (Kim et al., 1997; Hardtke et al., 2004) . A second TIR1/ AFB-independent receptor system is thought to exist as well (Shi and Yang, 2011) , and Auxin Binding Protein1 (ABP1) appears to act as a receptor or co-receptor of auxin, involved in auxin homeostasis and non-transcriptional auxin signalling (Xu et al., 2011; Hayashi, 2012) .
In some tissues, auxin is also temporarily or terminally inactivated by conjugation to sugars, amino acids, and peptides via glycosyl ester and amide linkages (Woodward and Bartel, 2005; Normanly, 2010) . IAA-amino acid conjugates can be classified into two groups based on in vitro activity and in planta feeding assays. Conjugation of IAA to aspartate (Asp) or glutamate (Glu) leads to degradation (Riov and Bangerth, 1992; Östin et al., 1998; Kowalczyk and Sandberg, 2001) , whereas conjugation to alanine (Ala), leucine (Leu), myo-inositol, or peptides creates temporary storage forms that can be hydrolysed to liberate IAA when required (Bialek and Cohen, 1986; Walz et al., 2002; Park et al., 2006) . Recently, compartmentalization of IAA in the endoplasmic reticulum has been shown to regulate the availability of IAA to cellular conjugation mechanisms (Mravec et al., 2009) .
Perhaps the least understood process is IAA oxidation, which is the predominant form of terminal catabolism in most plants (Normanly, 1997 (Normanly, , 2010 . The best characterized oxidative metabolites are 2-oxoindole-3-acetic acid (oxIAA) and 1-O-(2-oxoindol-3-ylacetyl)-β-d-glucopyranose (oxIAAGlc or oxIAA-Hex) (Östin et al., 1998; Kowalczyk and Sandberg, 2001; Kai et al., 2007; Christie et al., 2011) . Rapid formation of oxIAA after plants are supplied with excess IAA indicates a primary homeostatic role for oxIAA formation in Arabidopsis (Östin et al., 1998) . Feeding experiments with deuterium-labelled putative precursors [2', 2'-2 H 2 ] IAA-Glc (9-d 2 ) and [2', 2'-2 H 2 ]oxIAA (6-d 2 ) suggest that oxIAA-Glc/ Hex is likely to be synthesized via glucosylation of oxIAA (Kai et al., 2007) , although use of d 2 labelling of the side chains in these experiments may have resulted in overestimations of oxIAA-Hex levels. Liquid chromatography-mass spectrometry (LC-MS) analysis indicated increased levels of oxIAA and oxIAA-Glc in the root after exogenous application of [ 3 H]IAA to the shoot tip (Kubes et al., 2011) . These and other reports indicate that oxIAA levels tend to mirror IAA levels and that oxIAA-Hex is a conjugation product produced by substrate-activated reactions mediated by a UDPglucosyl transferase 84B1 in Arabidopsis (Normanly, 2010) .
One physiological response to exogenous IAA treatment is the generation of reactive oxygen species (ROS) (Peer and Murphy, 2006) . ROS have been shown to be a downstream signal for auxin-induced elongation growth (Schopfer, 2001; Schopfer et al., 2002; Liszkay et al., 2004; Schopfer and Liszkay, 2006) and root gravitropism (Joo et al., 2001 (Joo et al., , 2005 . Several lines of evidence suggest a relationship between IAA oxidation and cellular redox status. In maize root tips, the auxin maximum correlates with a change in redox status as oxidation increases in regions where auxin maxima are localized and decreases where the apparent auxin maximum has been displaced (Jiang et al., 2003) . Experiments with mitogen-activated protein kinase kinase (MEKK1)-deficient plants show that reduced expression of several auxininducible marker genes correlates with ROS accumulation (Nakagami et al., 2006) . Phosphorus deficiency results in simultaneous accumulation of auxin and ROS at the root apex (Tyburski et al., 2009) . Further, a triple mutant with reduced levels of the ROS scavengers thioredoxin and glutathione (ntra ntrb cad2) shows auxin-related phenotypes, and the endogenous level of IAA is lower than in wild-type plants (Bashandy et al., 2010) . In leaf tissues, auxin has the opposite effect as IAA overproduction in yucca6 gain-offunction mutants has recently been shown to delay ROS formation during senescence (Kim et al., 2010) . Transcriptome analysis of Arabidopsis after treatment with ozone shows that most of the genes that initiate IAA signalling, including TIR1, ABP1, and SAUR, are being down-regulated, indicating IAA signalling attenuation by ROS (Blomster et al., 2011) . Finally, although flavonoid compounds that are potent ROS scavengers (Brown et al., 1998) can function as inhibitors of auxin transport (Geisler et al., 2005; Terasaka et al., 2005; Blakeslee et al., 2007) , auxin-dependent gravitropism in tt4 flavonoid-deficient Arabidopsis mutants is delayed rather than increased and does not involve altered transporter orientation (Buer and Muday, 2004; Peer et al., 2004; Murphy, 2006, 2007) . Auxin-related growth phenotypes would also be expected in tt mutants that overaccumulate flavonoids (Peer et al., 2001) or with exogenous application of flavonoids to wild-type plants (Brown et al., 2001; Peer et al., 2004) . However, flavonoid-overproducing and -deficient mutants exhibit only subtle growth phenotypes that vary with environmental conditions (Brown et al., 2001; Buer and Djordjevic, 2009) .
Understanding of the location, regulation, and underlying mechanisms of IAA catabolism is required if auxin growth regulation is to be fully understood. These processes are of particular interest to elucidate the fate of basipetally redirected auxin at the root apex after it modulates root tropic growth. What is known is that free IAA levels drop off sharply above the root central elongation zone (Terasaka et al., 2005; Geisler et al., 2005; Petersson et al., 2009) and only small amounts of auxin emerge from this zone to maintain early stages of root hair and lateral root elongation Cho et al., 2007; Ditengou et al., 2008; Mravec et al., 2008; Jones et al., 2009) . Some auxin that is redirected is thought to be 'refluxed' via cortically reversed PIN2 (Blilou et al., 2005) . Some auxin also appears to be transported past the zone of PIN2 reversal, and the point of the drop-off of the auxin signal is at the border of the elongation and differentiation zones (Peer et al., 2004; Geisler et al., 2005; Terasaka et al., 2005; Blakeslee et al., 2007; Titapiwatanakun et al., 2009) . In addition, some IAA is lost from the system through the root tip and the maturing root. However, it is unknown if the loss is due to the production of oxIAA and/ or the activity of a transporter.
Here previously published data are summarized and additional data regarding oxIAA generation in planta, oxIAA as a substrate in transport assays, and oxIAA as a signalling molecule in auxin-mediated responses are presented. The relationship between IAA and ROS generation, and oxIAA levels in ROS-scavenging mutants are then examined. Ler, tt4, tt3, abcb1, abcb4, abcb19, abcg36 abcg37, rbohB, rbohC, rbohD, rbohF, DR5rev:GFP, 2XD0 :GUS, and IAA2:GUS) were grown as previously described (Peer et al., 2009) . Briefly, seedlings were grown on 1% phytagar plates, containing quarter-strength Murashige and Skoog (MS) basal salts, pH 5.5, at 22 °C for 14 h at 100 µmol m −2 s −1
Materials and methods

Plant materials and growth conditions
.
IAA transport assays
Auxin transport assays were as described in Kubes et al. (2011, and ). Transport assays in Schizosaccharomyces pombe were as described in Yang and Murphy (2009) . Briefly, S. pombe cells were grown to OD 600 ~2.0 in EMM (Edinburgh minimal medium) containing 15 µm thiamine, washed twice with EMM, transferred to fresh EMM, and incubated for 19 h (final OD 600 =1-2) to induce the expression of proteins. Cells were pelleted, washed once, resuspended in EMM (pH 4.5) to OD6 00 =2 and kept at 4 °C in all the following steps except where noted. A 1 µl aliquot of 10× diluted [ , American Radiolabelled Chemicals) or [ 3 H]oxIAA was added into 100 µl of cells and incubated at 30 °C for 0, 2, 4, 6, and 8 min. Cells were washed twice with EMM (pH 4.5) and resuspended in 0.5 ml of EMM (pH 4.5). Aliquots of 250 µl were taken, and the retained radioactivity was quantified by scintillation counting. All transport assays were performed with four transformants in at least three independent experiments. HPLC analyses were as in Ruzicka et al. (2010) . Briefly, HPLC analysis was accomplished by extraction in methanol and separation in a 10-100% methanol/2% formic acid gradient with radiodetection compared with genuine standards.
Microscopy
Mock treatment or 25 nl of 100 nM, 1 µM, or 10 µM IAA was applied to 5-day-old Arabidopsis root tips. Treated seedlings were incubated under yellow light for 2 h prior to staining or visualizations. β-Glucuronidase (GUS) staining was as described in Geisler et al. (2005) . Briefly, after auxin treatment, seedlings were incubated in GUS substrate for 1 h at 37 °C, then destained in 70% ethanol prior to imaging. Green fluorescent protein (GFP) visualization was as in Peer et al. (2009) , and 6-carboxy-2',7'-dichlorodihydrofluorescein diacetate (carboxy-H 2 DCFDA, DCF) fluorescence was visualized as in Peer and Murphy (2006) . For visualization of ROS accumulation, seedlings were stained in 0.1 mg ml -1 3, 3'-diaminobenzidine (DAB) solution (pH 3.8) for 5 min followed by de-staining with ethanol:acetic acid (94:4) for 1 h, then visualized under a microscope for DAB polymer in root tips. A Nikon Eclipse 800 (E800) was used for light microscopy imaging of GUS and DAB staining. A Zeiss LSM 510 was used, with an 488 nm argon laser power 5%, gain 603, pinhole 1 Airy Unit (38 µm), 488 nm filter, for confocal laser scanning microscopy of GFP and DCF fluorescence.
Lipid peroxidation assays
Lipid peroxidation, as indicated by the formation of thiobarbituric acid-reactive species (TBARS), was assayed using a method derived from those described in Murphy et al. (1999) . Briefly, Arabidopsis seedlings were grown in Petri dishes with control and copper treatments. At 2 h time points, two Petri dishes of seedlings for each treatment were briefly rinsed in ice-cold distilled water, the roots were excised, blotted dry on paper towels for 2 min, and weighed. A 50 mg aliquot of root tissue from each set of plates was frozen in liquid nitrogen, and then 125 µl of a buffer [50 mM TRIS-MES (pH 7.1), 2% (w/v) SDS, and 2 µl of 1% (w/v) butylated hydroxytoluene in ethanol] was added. Tissue was briefly homogenized and 700 µl of 0.8% (w/v) thiobarbituric acid in 10% (w/v) trichloroacetic acid was added, vortexed for 1 min, incubated at 95 °C for 15 min, vortexed for 1 min again, and incubated again at 95 °C for 15 min. Samples were cooled to room temperature and TBARS were extracted with 500 µl of n-butanol. TBARS were determined by reading the spectroscopic A 532 after non-specific background absorbance (measured at 600 nm) was subtracted. Two replicate measurements were made at each time point. The experiments were repeated three times on different days and the results are reported are the means plus SDs.
Statistical analyses
Significance was tested by Student's t-test or analysis of variance (ANOVA) followed by the Student-Newman-Keuls post-hoc analysis test.
Results
Some IAA transported from the shoot apex is converted to oxIAA and oxIAA-Hex in Arabidopsis roots
Previous studies showed that when 14-day-old Arabidopsis seedling roots were treated with radiolabelled IAA, the primary degradation products were oxIAA, oxIAA-Hex, IAAAsp, and IAA-Glu (Östin et al., 1998) . In Kubes et al. (2011) it was shown that IAA transport capacity from the shoot to the root increased with increasing concentrations of applied [ 3 H]IAA to the shoot apex. More oxIAA was formed when the applied IAA concentrations exceeded 2.5 µM. Therefore, at threshold IAA levels, oxIAA levels increase when seedlings are treated with exogenous auxin or in polar transport streams.
oxIAA is not transported in polar streams in Arabidopsis seedlings
To investigate whether oxIAA is transported in polar auxin transport streams, rootward transport assays were conducted with [
3 H]oxIAA in whole seedlings. No basipetal oxIAA transport was observed at the root-shoot transition zone (Kubes et al., 2011) or at the root tip (Fig. 1A) . In the root, oxIAA did not compete with [
3 H]IAA transport in shootward transport assays in abcb19 (Fig. 1B) et al., 2011) , suggesting that these transporters may be activated by oxIAA in a manner similar to what is seen when IAA breakdown products are co-administered in cellular transport assays with these transporters (Geisler et al., 2005) , although the underlying mechanism is unclear. In S. pombe transport assays, oxIAA was not a substrate for ABCB1, ABCB4 ABCB19, or PIN2 in efflux assays (Kubes et al., 2011) , or for AUX1 in uptake (Fig. 1C) , but a small amount of inhibition in uptake assays with ABCB4 was observed (Kubes et al., 2011) .
oxIAA and oxIAA-Hex in Arabidopsis transporter mutants
oxIAA and oxIAA-Glc levels were greater in abcb19 compared with wild-type hypocotyls (Christie et al., 2010) . In 7-day-old Arabidopsis seedling roots, oxIAA-Hex levels were ~20 times that of oxIAA (Fig. 1D ). Higher levels of oxIAA in abcb1 indicate that ABCB1 might also transport oxIAA out of the root (Fig. 1D) . More oxIAA-Hex in abcb1, abcb4, and abcg36 abcg37 suggests that ABCB1, ABCB4, ABCG36/ABCG37 may transport oxIAA-Hex out of the root (Fig. 1E ). ABCG36 and ABCG37 have been found as transporters of indole-3-butyric acid (IBA) (Strader and Bartel, 2009; Ruzicka et al., 2010) . Therefore, a model can be proposed where IBA is converted to IAA, which is transported by AUX1, PINs, and ABCBs. IAA is then converted to oxIAA and oxIAA-Hex which may be transported by ABCG36/37 (Fig. 1F) .
oxIAA does not activate auxin signalling
To investigate whether oxIAA can activate auxin signalling, the expression of the DR5rev:GFP and 2XD0:GUS auxininducible reporters (Ulmasov et al., 1997; Friml et al., 2003) was examined after oxIAA treatment. DR5rev:GFP signals were observed in the quiescent centre, columella initials, and columella of vertically grown control roots ( Fig. 2A) . Strong fluorescence was observed in the epidermis and entire lateral root cap of seedlings treated with 1 µM IAA (Fig. 2B) . However, no differences were observed between roots treated with 1 µM oxIAA (Fig. 2C ) and untreated roots ( Fig. 2A) . When this experiment was repeated using the auxin reporters 2XD0:GUS (Fig. 2D-F) and IAA2:GUS (not shown), the same results were observed. These results suggest that oxIAA does not activate auxin signalling.
ROS are produced following exogenous IAA treatment and gravistimulation
Previously, it has been shown that exogenous auxin treatment of Arabidopsis seedlings produces ROS (Peer and Murphy, 2006) . As it is hypothesized that the generation of ROS contributes to oxIAA formation, ROS production was detected using non-fluorescent (DAB) and fluorescent (carboxy-H 2 DCFDA or DCF) reporters. DAB polymerizes instantly and locally at sites of peroxidase activity into a reddish brown polymer in the presence of H 2 O 2 . DAB has been used cytochemically for the subcellular localizations of H 2 O 2 -related enzymes, such as peroxidases and catalases (Frederick, 1987; Liszkay et al., 2004) . Carboxy-H 2 DCFDA can cross the plasma membrane and, after deacetylation, can be oxidized by ROS to form highly fluorescent DCF (Schopfer et al., 2001) . No DAB staining was detected in the columella or root meristem region of untreated seedlings (Fig. 2G) ; however, the intensity of DAB staining increased with applications of increasing IAA concentration (Fig. 2H-J) . Confocal images of DCF staining showed that the most intense staining was in the epidermal cells of the distal and central elongation zone of untreated seedlings (Fig. 2K) . IAA treatment induced increased DCF signals throughout the epidermal cells on both sides of the elongation zone (Fig. 2L) . The reproducible asymmetric distribution of DCF signals observed in untreated seedlings might be caused by gravistimulation. The visualization of ROS in the root elongation zone after IAA treatment suggests that ROS accumulations might be visualized in these tissues during root gravitropic bending, as auxin has been shown to accumulate differentially on the lower side of graviresponding roots (Ottenschlager et al., 2003) . In gravistimulated seedlings, there was a highly reproducible accumulation of reddish-brown staining at the lower side of the distal elongation zone of DAB-treated seedlings (Fig. 2M, N) corresponding to the site of auxin accumulation.
IAA induction of ROS is reduced in rbohD
ROS generated by NAD(P)H oxidase (NOX) have been shown to play many critical roles in signalling and development in plants, including plant defence response, cell death, abiotic stress, stomatal closure, and root hair development (Torres et al., 2002; Foreman et al., 2003; Kwak et al., 2003; Yoshioka et al., 2003; Jones et al., 2009) , and NOX purified from soybean plasma membrane vesicles showed auxinstimulated activity (Brightman et al., 1998) . Plant NOXs are called Rboh (respiratory burst oxidase homologues). There are 10 NOX homologues in Arabidopsis. RbohD and F are expressed throughout the plant. RbohA-G and I are expressed in the roots, and RbohH and J are specifically expressed in pollen (Fluhr, 2009) . Joo et al. (2005) showed that auxin-induced ROS production in gravitropism requires the activation of phosphatidylinositol 3-kinase, which could bind to the components of NADPH oxidase and activate the enzyme complex. However, it is unknown whether NADPH oxidase is involved in IAA-induced ROS production in root tips. Expression data from microarray analyses indicated that RbohD was transiently induced after 30 min exogenous auxin Fig. 2O ; NASCARRAYS-453; GENEVESTIGATOR; eFP Browser; >1-fold increase, log2 scale). Seven-day-old Arabidopsis seedlings were treated with 1 µM IAA prior to DCF or DAB staining. Exogenous IAA treatment increased DCF fluorescence and DAB staining in rbohB, C, and F at levels similar to the wild type (not shown), while rbohD showed reduced DCF fluorescence and DAB staining compared with the wild type (Fig. 2P, Q) . These results suggest that RbohD oxidase may be involved in the rapid IAA-induced ROS generation, but do not rule out the possibility that RbohE or I are also involved.
Flavonoid mutants with altered ROS scavenging show altered gravitropic rates and oxIAA accumulation
Flavonoids have been extensively shown to regulate cellular auxin export negatively (e.g. Murphy et al., 2000; Brown et al., 2001; Buer et al., 2004; Peer et al., 2004; Geisler et al., 2005) . The flavonoid-deficient tt4 mutant exhibits delayed gravitropic bending rather than an expected increase associated with de-repression of auxin flows (Buer and Muday, 2004; Lewis et al., 2007; Owens et al., 2008 ). An explanation for this phenomenon might be the established role of flavonoids in scavenging cellular ROS (Bors et al., 1990; Bashandy et al., 2009) . In Arabidopsis, flavonoid compounds have been shown to be ROS scavengers in vitro and in planta using the reporter DCF (Peer and Murphy, 2006) , with greater DCF fluorescence in the flavonoid-deficient tt4 and less fluorescence in the flavonol-accumulating tt3 compared with the wild type Murphy, 2004, 2006) .
Copper treatments have been shown to induce ROS production differentially in tt4, tt3, and wild-type seedling roots (Peer and Murphy, 2006) . Lipid peroxidation assays with TBARS were used here to measure reactive oxygen species indirectly in flavonoid mutants following copper treatment. Levels of TBARS were significantly greater in copper-treated tt4, tt5, and tt6 (reduced flavonols) compared with the wild type, while the tt3 overaccumulator had significantly reduced TBARS (Table 1 , P < 0.05). Root bending in Arabidopsis seedlings has also been used as a measure of relative copper tolerance and copper-induced oxidation (Murphy and Taiz, 1995a, b) . Wild-type seedlings treated with 0.005% H 2 O 2 exhibit reduced gravitropic bending similar to copper-treated seedlings (Table 1 ). In seedling root bending assays, tt4, tt5, and tt6 were more sensitive to copper than the wild type, and tt3 roots were less sensitive (Table 1 , P < 0.05). Addition of 10 mM ascorbate to wild-type gravitropism assays resulted in overshoot past the vertical axis; a similar effect was observed in tt3. Finally, oxIAA generation was measured in Col-0, tt3, and tt4. Less oxIAA accumulated in tt3 and more in tt4 compared with the wild type (Fig. 2R) , again suggesting that ROS play a role in oxIAA generation. Taken together, these results indicate that, in addition to moderating cellular auxin export, flavonoids also influence auxin signalling by buffering ROS formation and ROS-dependent auxin oxidation.
Discussion
Programmed plant development is modified by responses to light, gravity, and touch in order to maintain optimal growth, carbon fixation, and water/nutrient utilization. Those responses are highly dependent on tissue-and organ-specific Table 1 . Lipid peroxidation assays with thiobarbituric acid-reactive substances (TBARS) were used to measure reactive oxygen species indirectly in flavonoid mutants following copper treatment. Root bending in the presence of copper was also assayed as a measure of copper tolerance. Chalcone isomerase Naringenin chalcone 84 ± 10.9 64 ± 7.6* 3.7 ± 0.6* tt6
Flavonone 3-hydroxylase Naringenin 80 ± 12.2 61 ± 6.3* 3.9 ± 1.1* tt7
Flavonoid 3'-hydroxylase Kaempferol 83 ± 13.6 66 ± 4.1 2.5 ± 0.6 tt3 Dihydroflavonol reductase >Kaempferol, >quercetin 101 ± 7.7 80 ± 7.5* 1.6 ± 0.4* *P < 0.05 ANOVA, followed by Student-Newman-Keuls post-hoc analysis, two replicates.
a Method: Murphy and Taiz (1995a, b) . Method: Murphy et al. (1999) .
IAA solution or distilled water for 1 h. Then the seedlings were put in 0.1 mg ml -1 DAB for 5 min and were subjecred to microscopic observation to determine the ROS production in root tips. (R) oxIAA levels in Col-0, tt3, and tt4 after IAA treatment. (S) Model of IAA signal attenutation. Developmental or environmental stimuli result in a local accumulation of IAA. A corresponding increase in reactive oxygen species (ROS) occurs which may be NADPH dependent, and oxIAA production mirrors local accumulation of IAA and ROS. IAA signalling is attenuated as IAA is catabolized to oxIAA.
auxin fluxes that initiate auxin-responsive gene expression and downstream changes in growth. Much is known about auxin biosynthesis, transport, signal transduction, and temporary inactivation by conjugation to amino acids. To be an effective signalling molecule, auxin must be rapidly eliminated from target cells to rectify and terminate signalling events, but only mild phenotypes are observed in amino acid-and hexose-conjugating mutants (Staswick et al., 2005) . Oxidation of IAA to oxIAA and subsequent substrate-driven conjugation to form oxIAA-Hex is widely considered to be the primary mechanism of permanent elimination of the molecule at the conclusion of signalling events (Fig. 2S) . Oxidative degradation of auxin appears to be developmentally important, such as during fruit ripening (Frenkel et al., 1975; Purgatto et al., 2002) and during plant responses to oxidative stress (Jansen et al., 2001; Chaoui and El Ferjani, 2005; Tognetti et al., 2011) . However, the cellular mechanisms that control the oxidative degradation of auxin remain, to date, poorly understood.
Although oxidative metabolism occurs ubiquitously in plants, there are some assumptions about the underlying mechanisms that require clarification. oxIAA is thought to be formed by a peroxide-independent auxin oxidase activity associated with a subgroup of peroxidases identified in a number of species (Reinecke and Bandurski, 1988; Günes, 2000; Chaoui et al., 2004; Vatulescu et al., 2004) . However, peroxidases open the indole ring; therefore, oxIAA was not the end-product of these reactions. Reinecke and Bandurski (1988) reported that IAA was oxidized to oxIAA by both an oxygen-requiring soluble enzyme and a more active detergent-soluble, stable component from Zea mays. However, this activity has never been directly characterized in Arabidopsis. Indole-3-methanol is also found as a degradation product in Arabidopsis, but is thought to be derived from indole-glucosinolate degradation (Reinecke and Bandurski, 1987; Barcelo et al., 1990; Östin, 1995; Chevolleau et al., 1997) . Formation of oxIAA is thought to be mediated by a peroxidase-associated auxin oxidase activity, but experimental evidence presented here suggests that auxin oxidation via ROSindependent peroxidase activity plays a relatively minor role in oxIAA generation. Instead, increased IAA levels induce ROS, and it appears that these increased levels then stimulate oxIAA formation based on the timing of ROS and oxIAA formation (Fig. 2S) . Flavonoids may act as buffers of cellular ROS levels, and this explains the apparent discrepancy of enhanced IAA transport and reduced gravitropic bending rates in tt4 and the differences in oxIAA levels in tt4 compared with tt3. Attenuation of both ROS and IAA signalling would be required to return the plant to a resting or receptive state where ROS or IAA signals would be able to induce a response to the change(s) in developmental or environmental stimuli.
Conclusions and future directions
Determination of how IAA oxidation terminates auxin signal transduction events is important to efforts to manipulate auxin signalling. This information will help resolve outstanding questions regarding the relationship of early and late auxin gene signalling and the role of redox status in auxin-responsive growth, and will also help discriminate between flavonoid regulation of auxin transport and ROSscavenging activity. Identification of the subcellular compartment and mechanism(s)/enzyme(s) involved in auxin oxidation will help elucidate these mechanisms.
